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^ (57) Abstract: Methods to at least partially reduce a niobium oxide are described wherein the process includes heat treating the 
Jjj niobium oxide in the presence of a getter material and in an atmosphere which permits the transfer of oxygen atoms from the niobium 

oxide to the getter material, and for a sufficient time and at a sufficient temperature to form an oxygen reduced niobium oxide. 
^ Niobium oxides and/or suboxides are also described as well as capacitors containing anodes made from the niobium oxides and 

suboxides. Anodes formed from niobium oxide powders using binders and/or lubricants are described as well as methods to form 
^ the anodes. 
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OXYGEN REDUCED NIOBIUM OXIDES 
R A CVCJl OT IN T* OF TTTF INVENTION 

5 The present invention relates to niobium and oxides thereof and more particularly 

relates to niobium oxides and methods to at least partially reduce niobium oxide and further 
relates to oxygen reduced niobium. 

fil TMM ATE V OF TTTF, E RESEffl TNWNTTON 

10 In accordance with the purposes of the present invention, as embodied and described 

herein, the present invention relates to a method to at least partially reduce a niobium oxide 
which includes the steps of heat treating the niobium oxide in the presence of a getter 
material and in an atmosphere which permits the transfer of oxygen atoms from the niobium 
oxide to the getter material for a sufficient time and temperature to form an oxygen reduced 

1 5 niobium oxide. 

The present invention also relates to oxygen reduced niobium oxides which 
preferably have beneficial properties, especially when formed into an electrolytic capacitor 
anode. For instance, a capacitor made from the oxygen reduced niobium oxide of the present 
invention can have a capacitance of up to about 200,000 CV/g or more. Further, electrolytic 

20 capacitor anodes made from the oxygen reduced niobium oxides of the present invention can 
have a low DC leakage. For instance, such a capacitor can have a DC leakage of from about 
0.5 nA/CV to about 5.0 nA/CV, 

Accordingly, the present invention also relates to methods to increase capacitance 
and reduce DC leakage in capacitors made from niobium oxides, which involves partially 

25 reducing a niobium oxide by heat treating the niobium oxide in the presence of a getter 
material and in an atmosphere which permits the transfer of oxygen atoms from the niobium 
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oxide to the getter material, for a sufficient time and temperature to form an oxygen reduced 
niobium oxide, which when formed into a capacitor anode, has reduced DC leakage and/or 
increased capacitance. 

The present invention further relates to capacitor anodes containing the niobium 
5 oxides of the present invention and having other beneficial properties. 

It is to be understood that both the foregoing general description and the following 
detailed description are exemplary and explanatory only and are intended to provide further 
explanation of the present invention, as claimed. 

10 BRTFF DESCRIPTION OF THE DRAWINGS 

Figures 1-11 are SEMs of various oxygen reduced niobium oxides of the present 
invention at various magnifications. 

Figure 12 is a graph plotting DC leakage vs. Formation voltage for a niobium oxide 
capacitor anode and other anodes made from niobium or tantalum. 
15 Figures 13 and 14 are graphs showing a DCL and capacitance comparison of an 

anode containing niobium oxide compared to anodes containing niobium flake and tantalum. 

Figure 1 5 is a graph showing DC leakage for anodes formed from niobium suboxides 
of the present invention. 

Figure 16 is a graph showing the capacitance from a wet anodes formed from 
20 niobium oxide and tantalum. 

Figures 17 and 18 are graphs showing the flammability of anodes, from niobium, 
tantalum, and niobium oxide. 

Figure 19 is a graph showing the ignition energy needed to ignite niobium oxide 
powders compared to niobium powders and tantalum powders. 
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DETATTtED DESCRTPTTON OF THE PRESENT INVENTION 

In an embodiment of the present invention, the present invention relates to methods 
to at least partially reduce a niobium oxide. In general, the method includes the steps of heat 
treating a starting niobium oxide in the presence of a getter material in an atmosphere which 
5 permits the transfer of oxygen atoms from the niobium oxide to the getter material for a 
sufficient time and at a sufficient temperature to form an oxygen reduced niobium oxide. 

For purposes of the present invention, the niobium oxide can be at least one oxide of 
niobium metal and/or alloys thereof. A specific example of a starting niobium oxide is 

10 The niobium oxide used in the present invention can be in any shape or size. 

Preferably, the niobium oxide is in the form of a powder or a plurality of particles. Examples 
of the type of powder that can be used include, but are not limited to, flaked, angular, 
nodular, and mixtures or variations thereof. Preferably, the niobium oxide is in the form of a 
powder which more effectively leads to the oxygen reduced niobium oxide. 

1 5 Examples of such preferred niobium oxide powders include those having mesh sizes 

of from about 60/1 00 to about 1 00/325 mesh and from about 60/1 00 to about 200/325 mesh. 
Another range of size is from -40 mesh to about -325 mesh. 

The getter material for purposes of the present invention is any material capable of 
reducing the specific starting niobium oxide to the oxygen reduced niobium oxide. 

20 Preferably, the getter material comprises tantalum, niobium, or both. More preferably, the 
getter material is niobium. The niobium getter material for purposes of the present invention 
is any material containing niobium metal which can remove or reduce at least partially the 
oxygen in the niobium oxide. Thus, the niobium getter material can be an alloy or a material 
containing mixtures of niobium metal with other ingredients. Preferably, the niobium getter 



WO 01/71738 PCT/US01/09314 

-4- 

material is predominantly, if not exclusively, niobium metal. The purity of the niobium metal 
is not important but it is preferred that.high purity niobium metal comprise the getter material 
to avoid the introduction of other impurities during the heat treating process. Accordingly, 
the niobium metal in the niobium getter material preferably has a purity of at least about 98% 
5 and more preferably at least about 99%. Further, it is preferred that impurities such as oxygen 
are not present or are present in amounts below about 100 ppm. 

The getter material can be in any shape or size. For instance, the getter material can 
be in the form of a tray which contains the niobium oxide to be reduced or can be in a 
particle or powder size. Preferably, the getter materials are in the form of a powder in order 

10 to have the most efficient surface area for reducing the niobium oxide. The getter material, 
thus, can be flaked, angular, nodular, and mixtures or variations thereof. The getter material 
can be a tantalum hydride material. A preferred form is coarse chips, e.g., 14/40 mesh chips 
that can be easily separated from the powder product by screening. 

Similarly, the getter material can be tantalum and the like and can have the same 

1 5 preferred parameters and/or properties discussed above for the niobium getter material. Other 
getter materials can be used alone or in combination with the tantalum or niobium getter 
materials. Also, other materials can form a part of the getter material. 

Generally, a sufficient amount of getter material is present to at least partially reduce 
the niobium oxide being heat treated. Further, the amount of the getter material is dependent 

20 upon the amount of reducing desired to the niobium oxide. For instance, if a slight reduction 
in the niobium oxide is desired, then the getter material will be present in a stoichemetric 
amount. Similarly, if the niobium oxide is to be reduced substantially with respect to its 
oxygen presence, then the getter material is present in a 2 to 5 times stoichemetric amount. 
Generally, the amount of getter material present (e.g., based on the tantalum getter material 
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being 100% tantalum) can be present based on the following ratio of getter material to the 
amount of niobium oxide present of from about 2 to 1 to about 1 0 to I . 

Furthermore, the amount of getter material can also be dependent on the type of 
niobium oxide being reduced. For instance, when the niobium oxide being reduced is NI52O5, 
5 the amount of getter material is preferably 5 to 1 , 

The heat treating that the starting niobium oxide is subjected to can be conducted in 
any heat treatment device or furnace commonly used in the heat treatment of metals, such as 
niobium and tantalum. The heat treatment of the niobium oxide in the presence of the getter 
material is at a sufficient temperature and for a sufficient time to form an oxygen reduced 

1 0 niobium oxide. The temperature and time of the heat treatment can be dependent on a variety 
of factors such as the amount of reduction of the niobium oxide, the amount of the getter 
material, and the type of getter material as well as the type of starting niobium oxide. 
Generally, the heat treatment of the niobium oxide is at a temperature of from less than or 
about 800° C to about 1900° C and more preferably from about 1000° C to about 1400° C, 

15 and most preferably from about 1200° C to about 1250° C. In more detail, when the niobium 
oxide is a niobium containing oxide, the heat treatment temperatures will be from about 
1000° C to about 1300° C, and more preferably from about 1200° C to about 1250° C for a 
time of from about 5 minutes to about 100 minutes, and more preferably from about 30 
minutes to about 60 minutes. Routine testing in view of the present application will permit 

20 one skilled in the art to readily control the times and temperatures of the heat treatment in 
order to obtain the proper or desired reduction of the niobium oxide. 

The heat treatment occurs in an atmosphere which permits the transfer of oxygen 
atoms from the niobium oxide to the getter material. The heat treatment preferably occurs in 
a hydrogen containing atmosphere which is preferably just hydrogen. Other gases can also be 
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present with the hydrogen, such as inert gases, so long as the other gases do not react with the 
hydrogen. Preferably, the hydrogen atmosphere is present during the heat treatment at a 
pressure of from about 1 0 Torr to about 2000 Torr, and more preferably from about 1 00 Torr 
to about 1000 Torr, and most preferably from about 100 Torr to about 930 Torr. Mixtures of 

5 H2 and an inert gas such as Ar can be used. Also, H2 in N2 can be used to effect control of the 
N2 level of the niobium oxide. 

During the heat treatment process, a constant heat treatment temperature can be used 
during the entire heat treating process or variations in temperature or temperature steps can 
be used. For instance, hydrogen can be initially admitted at 1000° C followed by increasing 

1 0 the temperature to 1 250° C for 30 minutes followed by reducing the temperature to 1 000° C 
and held there until removal of the H2 gas. After the H2 or other atmosphere is removed, the 
furnace temperature can be dropped. Variations of these steps can be used to suit any 
preferences of the industry. 

The oxygen reduced niobium oxides can also contain levels of nitrogen, e.g., from 

15 about 100 ppm to about 80,000 ppm N2 or to about 130,000 ppm N2. Suitable ranges 
includes from about 31,000 ppm N2 to about 130,000 ppm N2 and from about 50,000 ppm 
N2 to about 80,000 N 2 . 

The oxygen reduced niobium oxide is any niobium oxide which has a lower oxygen 
content in the metal oxide compared to the starting niobium oxide. Typical reduced niobium 

20 oxides comprise NbO, NbOo.7, NbOi.j, NbCfe, and any combination thereof with or without 
other oxides present. Generally, the reduced niobium oxide of the present invention has an 
atomic ratio of niobium to oxygen of about l:less than 2.5, and preferably 1:2 and more 
preferably 1:1.1, 1:1, or 1 :0.7. Put another way, the reduced niobium oxide preferably has the 
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formula Nb x O yi wherein Nb is niobium, x is 2 or less, and y is less than 2.5x. More 
preferably x is 1 and y is less than 2, such as LI , 1 .0, 0.7, and the like. 

The starting niobium oxides can be prepared by calcining at 1000° C until removal of 
any volatile components. The oxides can be sized by screening. Preheat treatment of the 

5 niobium oxides can be used to create controlled porosity in the oxide particles. 

The reduced niobium oxides of the present invention also preferably have a 
microporous surface and preferably have a sponge-like structure, wherein the primary 
particles are preferably 1 micron or less. The SEMs further depict the type of preferred 
reduced niobium oxide of the present invention. As can be seen in these microphotographs, 

10 the reduced niobium oxides of the present invention can have high specific surface area, and 
a porous structure with approximately 50% porosity. Further, the reduced niobium oxides of 
the present invention can be characterized as having a preferred specific surface area of from 
about 0.5 to about 10.0 m /g, more preferably from about 0.5 to 2.0 m /g, and even more 
preferably from about 1 .0 to about 1 .5 m 2 /g. The preferred apparent density of the powder of 

15 the niobium oxides is less than about 2.0 gtec, more preferably, less than 1.5 g/cc and more 
preferably, from about 0.5 to about 1 .5 g/cc. 

The various oxygen reduced niobium oxides of the present invention can be further 
characterized by the electrical properties resulting from the formation of a capacitor anode 
using the oxygen reduced niobium oxides of the present invention. In general, the oxygen 

20 reduced niobium oxides of the present invention can be tested for electrical properties by 
pressing powders of the oxygen reduced niobium oxide into an anode and sintering the 
pressed powder at appropriate temperatures and then anodizing the anode to produce an 
electrolytic capacitor anode which can then be subsequently tested for electrical properties. 
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Accordingly, another embodiment of the present invention relates to anodes for 
capacitors formed from the oxygen reduced niobium oxides of the present invention. Anodes 
can be made from the powdered form of the reduced oxides in a similar process as used for 
fabricating metal anodes, i.e., pressing porous pellets with embedded lead wires or other 

5 connectors followed by optional sintering and anodizing. The lead connector can be 
embedded or attached at any time before anodizing. Anodes made from some of the oxygen 
reduced niobium oxides of the present invention can have a capacitance of from about 1,000 
CV/g or lower to about 300,000 CV/g or more, and other ranges of capacitance can be from 
about 20,000 CV/g to about 300,000 CV/g or from about 62,000 CV/g to about 200,000 

1 0 CV/g and preferably from about 60,000 to 1 50,000 CV/g. In forming the capacitor anodes of 
the present invention, a sintering temperature can be used which will permit the formation of 
a capacitor anode having the desired properties. The sintering temperature will be based on 
the oxygen reduced niobium oxide used. Preferably, the sintering temperature is from about 
1200° C to about 1750° C and more preferably from about 1200° C to about 1400° C and 

15 most preferably from about 1250° C to about 1350° C when the oxygen reduced niobium 
oxide is an oxygen reduced niobium oxide. 

The anodes formed from the niobium oxides of the present invention are preferably 
formed at a voltage of about 35 volts and preferably from about 6 to about 70 volts. When an 
oxygen reduced niobium oxide is used, preferably, the forming voltages are from about 6 to 

20 about 50 volts, and more preferably from about 10 to about 40 volts. Other high formation 
voltages can be used such as from about 70 volts to about 130 volts. The DC leakage 
achieved by the niobium oxides of the present invention have provided excellent low leakage 
at high formation voltages. This low leakage is significantly better than capacitors formed 
with Nb powder as can be seen in, for instance, Figure 12. Anodes of the reduced niobium 
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oxides can be prepared by fabricating a pellet of NteOs with a lead wire followed by 
sintering in H 2 atmosphere or other suitable atmosphere in the proximity of a getter material 
just as with powdered oxides, in this embodiment, the anode article produced can be 
produced directly, e.g., forming the oxygen reduced valve metal oxide and an anode at the 
5 same time. Also, the anodes formed from the oxygen reduced niobium oxides of the present 
invention preferably have a DC leakage of less than about 5.0 nA/CV. In an embodiment of 
the present invention, the anodes formed from some of the oxygen reduced niobium oxides 
of the present invention have a DC leakage of from about 5.0 nA/CV to about 0.50 nA/CV. 
The present invention also relates to a capacitor in accordance with the present 

10 invention having a niobium oxide film on the surface of the capacitor. Preferably, the film is 
a niobium pentoxide film. The means of making metal powder into capacitor anodes is 
known to those skilled in the art and such methods such as those set forth in U.S. Pat. Nos. 
4,805,074, 5,412,533, 5,21 1,741, and 5,245,514, and European Application Nos. 0 634 762 
Al and 0 634 761 Al , all of which are incorporated in their entirety herein by reference. 

15 The capacitors of the present invention can be used in a variety of end uses such as 

automotive electronics, cellular phones, computers, such as monitors, mother boards, and the 
like, consumer electronics including TVs and CRTs, printers/copiers, power supplies, 
modems, computer notebooks, disc drives, and the like. 

Preferably, the niobium suboxide of the present invention is a NbO or oxygen 

20 depleted NbO or an aggregate or agglomerate which contains NbO and niobium metal or 
niobum metal with a rich oxygen content. Unlike NbO, NbCh is undesirable due to its 
resistive nature, whereas NbO is very conductive. Accordingly, capacitor anodes which are 
formed from NbO or oxygen depleted NbO or mixture of NbO with niobium metal are 
desirable and preferred for purposes of the present invention. 
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In making the niobium oxides of the present invention, and preferably NbO or 
variations thereof, hydrogen gas is preferably used as the carrier wherein oxygen is 
transferred from the starting niobium material, namely Nb20s to Nb with the use of the H2 
gas as the carrier. The preferred reaction scheme is as follows: 

H2 

Nb 2 0 5 + 3Nb— ► 5NbO 

As can be seen, using a niobium metal as the getter material, the getter material along 
with the starting niobium oxide can all result into the final product which is preferably NbO. 
In more detail, there are typically two processes involved in preparing the niobum suboxides 
of the present invention. One process involves the preparation of the getter material and the 
other part of the process involves the use of the getter material along with the starting 
niobium oxide to form the niobium suboxide of the present invention. In preparing the getter 
matieral, which is preferably niobium powder, a niobium ingot is subjected to a hydriding 
15 process in order to harden the niobum metal for purposes of crushing the ingot into powder 
which is subsequently subjected to a screen in order to obtain a uniform particle distrubution 
which is preferably from about 5 to about 300 microns in size. If needed, the powder can be 
subjected two or more times to the crusher in order to achieve the desired uniform particle 
distrubuton. Afterwards, the powder is then subjected to milling in order to obtain the desired 
20 particle size which is from about 1 to about 5 microns in size. After milling, the material is 
preferably leached with acid in order to remove impurities and then the material is subjected 
to drying to obtain the niobium getter powder. 

This niobium getter powder is then mixed with or blended with the starting niobium 
oxide material, which is preferably Nb20s, and subjected to a hydrogen heat treatment which 
25 preferably occurs at a temperature of from about 900 to about 1,200 with the hydrogen 
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pressure being from about 50 Torr to about 900 Ton*. Preferably, the starting niobium oxide 
is -325 mesh. Preferably, the heat treatment occurs for a sufficient time to achieve the 
reaction set forth above which is the full conversion of the getter material and the starting 
metal oxide to the final product which is preferably NbO. Thus, in this process, the getter 
5 material as well as the staring metal oxide all become the final product. 

The sintering properties of the anode formed from the niobium suboxides of the 
present invention show that the present invention provides an anode which has DC leakage 
capability comparable to tantalum when sintered at high temperatures but, unlike other 
metals, is less prone to capacitance lost during sintering. These favorable properties are set 

10 forth in Figs. 13 and 14 which show a comparison of the preferred niobium oxide of the 
present invention compared to an anode formed from niobium flake and an anode formed 
from tantalum. As can be seen in Fig. 13, the anode formed from the niobium oxide of the 
present invention showed satisfactory DC leakage when the anode was sintered at 
temperatures of from about 1200 to 1600 °C or higher whereas an anode formed from 

1 5 niobium metal showed a higher DC leakage for sintering temperatures of from about 1200 to 
1600 °C with no significant drop in DC leakage at high temperatures, such as 1400 to 1600 
°C. 

Also, as shown in Fig. 14, when an anode made from niobium metal was sintered at 
temperatures of from 1200 to 1600 °C and then capacitance tested with a wet anode, the 
20 capacitance steadily declined as the sintering temperature increased to the point where the 
capacitance was about 10,000 CV/g at a sintering temperature of about 1600 °C. Unlike 
niobium metal, when an anode made from the niobium suboxides of the present invention 
was tested, the capacitance was fairly steady when sintered at a variety of temperatures of 
from 1200 to about 1 600 °C. There was onl} a slight drop at these higher temperatures. This 
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is even different from an anode made from tantalum which showed a significant drop after 
sintering at 1400 °C, Accordingly, the anodes formed from the niobium suboxides of the 
present invention showed excellent resistance to DC leakage as well as an ability to resist 
capacitance loss at higher sintering temperatures. 
5 The anodes formed from the niobium suboxides of the present invention further 

showed an ability to have a low DC leakage even with high formation voltages. In addition, 
the capacitance of the anodes formed from the niobium suboxides of the present invention 
showed high capacitance for a variety of formation voltages such as from 20 to 60 volts. 

In more detail, as shown in Fig. 12 of the present application, when anodes formed 

1 0 from the niobium suboxides of the present invention were tested for DC leakage, the DC 
leakage was below 1 0 nA/CV for formation voltages from under 20 to over 60 volts which is 
quite different from anodes formed from niobium metal which show a dramatic increase in 
DC leakage when formation voltages exceeded 50 volts. Further, as shown in Fig. 16, the 
capacitance from a wet anode formed from niobium oxide was comparable to tantalum at 

15 formation voltages of from 20 to 60 volts. These tests and Figs. 15 and 16 show that the 
niobium suboxides can be formed into anodes and be used in capacitors rated up to 20 volts 
unlike capacitors using niobium metal which are rated below 10 volts. 

In addition, as shown in Figs. 17 and 18, anodes formed from niobium suboxides are 
far less flammable than anodes formed from niobium or tantalum. As Fig. 17 shows, the heat 

20 released from an anode formed from the niobium suboxides of the present invention is 
considerably lower with regard to heat released at 500 °C than tantalum and niobium anodes. 
Furthermore, the flammability of the niobiums of oxides of the present invention is 
significantly lower than the flammability or burning rate of tantalum or niobium, as shown in 
Fig. 18. The burning rate is determined by Reference Test EEC Directive 79/831 ANNEX 
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Part A from Chilworth Technology Inc. Also, the ignition energy (mJ) needed to ignite 
niobium oxide powders is significantly higher than the ignition energy needed to ignite 
niobium powder or tantalum powder as shown in Fig. 1 9. From such data, the niobium oxide 
of the present invention did not ignite at 500 mJ but ignited at an energy level of 10J (a 

5 significantly higher amount of energy). On the other hand, both niobium and tantalum 
powders ignited at less than 3 mJ. 

The capacitor anodes of the present invention which contain the niobium suboxides 
of the present invention are preferably prepared by pressing niobium oxide powder into the 
shape of a capacitor anode and sintering the anode at a temperature of from about 1200 °C to 

1 0 about 1 600 °C for a time of from about 1 minute to about 30 minutes. Afterwards, the anode 
is then anodized at a formation voltage of from about 16 volts to about 75 volts preferably at 
a formation temperature of about 85 °C. Other formation temperatures can be used such as 
from 50 °C to 100 °C. Afterwards, the anode is then annealed at a annealing temperature of 
from about 300 °C to about 350 °C for a time of from about 10 minutes to about 60 minutes. 

15 Once this annealing is completed, the anode is again anodized at the same or slightly lower 
(5-10% lower) formation voltage than it is exposed to. The second formation lasts from 
about 10 minutes to 120 minutes at about 85° C. The anode is then preferably manganized at 
a temperature of from about 220 °C to about 280 °C for a time of from about 1 minute to 
about 30 minutes. 

20 The present invention further relates to methods to at least partially reduce a niobium 

oxide. Preferably, the method involves heat treating a starting niobium oxide in the presence 
of a getter material in an atmosphere which permits the transfer of oxygen atoms from the 
starting niobium oxide to the getter material for a sufficient time and a sufficient temperature 
to form an oxygen reduced niobium oxide. Preferably, the oxygen reduced niobium oxide is 
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NbO, depleted NbO, or a niobium metal with NbO. As stated eariier, preferably the getter 
material is a niobium metal and more preferably a niobium powder. In the preferred process, 
the getter material converts to the oxygen reduced niobium oxide as well. Thus, the getter 
material also forms part of the final product. 
5 With respect to the anodes formed from the niobium oxides of the present invention, 

preferably, the niobium oxide powder is mixed with § binder and/or lubricant solution in an 
amount sufficient to be able to form the niobium oxide powder into an anode when pressed. 
Preferably, the amount of the binder and/or lubricant in the powder ranges from about 1 to 
about 20 wt%, based on the wt% of the combined ingredients. After mixing the niobium 

1 0 oxide powder with the binder and/or lubricant solution, the solvent that may be present as 
part of the binder/lubricant solution is removed by evaporation or other drying techniques. 
Once the solvent, if present, is removed, the niobium oxide powder is then pressed into the 
shape of an anode, preferably with a tantalum, niobium, or other conductive wire embedded 
in the anode. While a variety of press densities can be used, preferably, the pressed density is 

1 5 from about 2.5 to about 4.5 g/cc. Once pressed into the anode, a de-binding or de-lube step 
occurs to remove the binder and/or lubricant present in the pressed anode. The removal of 
the binder and/or lubricant can occur a number of ways including putting the anode in a 
vacuum furnace at temperatures, for instance, of from about 250 °C to about 1200 °C to 
thermally decompose the binder and/or lubricant. The binder and/or lubricant can also be 

20 removed by other steps such as repeated washings in appropriate solvents to dissolve and/or 
solubilize, or otherwise remove the binder and/or lubricant that may be present. Once the de- 
bind ing/de-Iube step is accomplished, the anode is then sintered in a vacuum or under inert 
atmosphere at appropriate sintering temperatures, such as from about 900 °C to about 1900 
°C. The finished anode then preferably has reasonable body and/or wire pull strength as well 
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as low carbon residue. The anodes of the present invention which use the niobium oxides of 
the present invention have numerous advantages over tantalum and/or niobium powders 
which are formed into anodes. Many organic binders and/or lubricants which are used to 
improve press performance in the formation of an anode lead to high carbon residues which 
5 are present after de-binding or de-lubing and sintering. The full removal of the carbon 
residue can be extremely difficult since carbon forms carbides with metals. The presence of 
carbon/carbides leads to the formation of defective dielectrics and thus an undesirable 
product. With the anodes of the present invention, the micro-environment of the anode is 
oxygen-rich. Thus, when the anode is sintered at high temperature, carbon residue in the 

1 0 anodes can evaporate as carbon monoxide after reacting with oxygen. Thus, the anodes of the 
present invention have a "self-cleaning" property which is quite different from other anodes 
formed from tantalum or niobium. Accordingly, the anodes of the present invention have a 
high tolerance of organic impurities during processing and handling and have the ability to 
use a wide range of hydrocarbon containing binders and/or lubricants for improved 

15 processability including improved powder flow, improved anode green strength, and the like. 
Accordingly, the binders and/or lubricants that can be used in the present invention include 
organic binders and organic lubricants as well as binders and lubricants that contain high 
amounts of hydrocarbons. Examples of suitable binders that can be used in the formation of 
the pressed anodes of the present invention, include, but are not limited to, poly(propyIene 

20 carbonates) such as QPAC-40 available from PAC Polymers, Inc., Greenville, DE; alkyd 
resin solutions, such as GLYPTAL 1202 available from Glyptal Inc., Chelsea, MA; 
polyethylene glycols, such as CARBOWAX, available from Union Carbide, Houston, Texas; 
polyvinylalcohols, stearic acids, and the like. The procedures and additional examples of 
binders and/or lubricants set forth in Publication Nos. WO 98/30348; WO 00/45472; WO 
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00/44068; WO 00/28559; WO 00/46818; WO 00/19469; WO 00/14755; WO 00/14139; and 
WO 00/12783; and U.S. Patent Nos. 6,072,694; 6,056,899; and 6,001,281, all of which are 
incorporated in their entirety by reference herein, can be used in the present invention. 

The present invention will be further clarified by the following examples, which are 
5 intended to be exemplary of the present invention. 

TEST METHODS 

Anode Fabrication-. 

size- 0.197" dia 
10 3.5 Dp 



powder wt = 341 mg 



Anode Sintering; 



15 



1300° C10* 
1450° C 10' 
1600° C 10' 
1750° C 10' 



20 



30V F.f Anoriization- 

30V Ef @ 60° C/0.1% H3PO4 Electrolyte 
20 mA/g constant current 



DC Leakage/Capacitance - F .SR T esting: 
DC Leakage Testing — 



25 



70%Ef(21 VDC) Test Voltage 
60 second charge time 
IO%H 3 P04@21°C 



Capacitance - DF Testing: 



30 



18%H 2 S04@21°C 
120Hz 



<;0V F.f Reform A notation- 

50V Ef @ 60° C/0.1% H3PO4 Electrolyte 
20 mA/g constant current 



35 



40 



DC Leakage/Capacitance - F.SR Tr.sting: 
DC leakage Testing — 

70% Ef (35 VDC) Test Voltage 
60 second charge time 
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10 



10%H 3 PO 4 @2rC 
Capacitance - DF Testing: 

18%H 2 S04@21°C 
120Hz 

75V F.f Reform. A nortfration: 

75 V Ef @ 60° C/0.1% H3PO4 Electrolyte 
20 mA/g constant current 



DC leakage/Capacitance. - F.SR Testing: 
DC leakage Testing — 

70% Ef (52.5 VDC) Test Voltage 
60 second charge time 
15 10%H3PO4@21°C 
Capacitance - DF Testing: 

18%H2S04@21°C 
120 Hz 

20 Scott Density, oxygen analysis, phosphorus analysis, and BET analysis were determined 
according to the procedures set forth in U.S. Patent Nos. 5,011,742; 4,960,471; and 
4,964,906, all incorporated hereby in their entireties by reference herein. 
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FrXAMPTrFfS 

Example 1 

+10 mesh Ta hydride chips (99.2 gms) with approximately 50 ppm oxygen were 
mixed with 22 grams of TsfeOs and placed into Ta trays. The trays were placed into a vacuum 
5 heat treatment furnace and heated to 1000° C. H2 gas was admitted to the furnace to a 
pressure of 43psi, The temperature was further ramped to 1240° C and held for 30 minutes. 
The temperature was lowered to 1050° C for 6 minutes until all H2 was swept from the 
furnace. While still holding 1050° C, the argon gas was evacuated from the furnace until a 
pressure of 5 x 1 0" 4 torr was achieved. At this point 700 mm of argon was readmitted to the 

1 0 chamber and the furnace cooled to 60° C. 

The material was passivated with several cyclic exposures to progressively higher 
partial pressures of oxygen prior to removal from the furnace as follows: The furnace was 
backfilled with argon to 700 mm followed by filling to one atmosphere with air. After 4 
minutes the chamber was evacuated to 1 0" 2 torr. The chamber was then backfilled to 600 mm 

15 with argon followed by air to one atmosphere and held for 4 minutes. The chamber was 
evacuated to 10" 2 torr. The chamber was then backfilled to 400 mm argon followed by air to 
one atmosphere. After 4 minutes the chamber was evacuated to 10" 2 torr. The chamber was 
them backfilled to 200 mm argon followed by air to one atmosphere and held for 4 minutes. 
The chamber was evacuated to 1 0" 2 torr. The chamber was backfilled to one atmosphere with 

20 air and held for 4 minutes. The chamber was evacuated to 10~ 2 torr. The chamber was 
backfilled to one atmosphere with argon and opened to remove the sample. 

The powder product was separated from the tantalum chip getter by screening 
through a 40 mesh screen. The product was tested with the following results. 
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CV/g of pellets sintered to 1300° C X 10 minutes and formed 
to 35 volts = 81,297 
nA/CV (DC leakage) = 5.0 
Sintered Density of pellets = 2.7 g/cc 
5 Scott density = 0.9 g/cc 

Chemical Analysis (ppm) 
C = 70 
H 2 -56 

Ti = 25 Fe = 25 

10 Mn = 10 Si = 25 

Sn = 5 Ni = 5 , 

Cr=10 Al = 5 

Mo = 25 Mg=5 

Cu = 50 B = 2 

15 Pb = 2 all others < limits 

Example 2 

Samples 1 through 20 are examples following similar steps as above with powdered 
NhfeOs as indicated in the Table. For most of the examples, mesh sizes of the starting input 
20 material are set forth in the Table, for example 60/100, means smaller than 60 mesh, but 
larger than 100 mesh. Similarly, the screen size of some of the Ta getter is given as 14/40. 
The getters marked as "Ta hydride chip" are +40 mesh with no upper limit on particle size. 

Sample 18 used Nb as the getter material (commercially available N200 flaked Nb 
powder from CPM). The getter material for sample 18 was fine grained Nb powder which 
25 was not separated from the final product. X-ray diffraction showed that some of the getter 
material remained as Nb, but most was converted to NbOu and NbO by the process as was 
the starting niobium oxide material Nb20s. 

Sample 15 was a pellet of Nb20s, pressed to near solid density, and reacted with H2 
in close proximity to the Ta getter material. The process converted the solid oxide pellet into 
30 a porous slug of NbO suboxide. This slug was sintered to a sheet of Nb metal to create an 
anode lead connection and anodized to 35 volts using similar electrical forming procedures 
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as used for the powder slug pellets* This sample demonstrates the unique ability of this 
process to make a ready to anodize slug in a single step from Nb20s starting material. 

The Table shows the high capacitance and low DC leakage capable of anodes made 
from the pressed and sintered powders/pellets of the present invention. Microphotographs 

5 (SEMs) of various samples were taken. These photographs show the porous structure of the 
reduced oxygen niobium oxide of the present invention. In particular, Figure 1 is a 
photograph of the outer surface of a pellet taken at 5,000 X (sample 15). Figure 2 is a 
photograph of the pellet interior of the same pellet taken at 5,000 X. Figures 3 and 4 are 
photographs of the outer surface of the same pellet at 1,000 X. Figure 5 is a photograph of 

10 sample 1 1 at 2,000 X and Figures 6 and 7 are photographs taken of sample 4 at 5,000 X. 
Figure 8 is a photograph taken of sample 3 at 2,000 X and Figure 9 is a photograph of sample 
6 at 2,000 X, Finally, Figure 10 is a photograph of sample 6, taken at 3,000 X and Figure 1 1 
is a photograph of sample 9 taken at 2,000 X. 
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Example 3 

This experiment was conducted to show the ability of the niobium oxides of the 
present invention to form at high formation voltages and yet retain an acceptable DC. leakage. 
The niobium oxide of the present invention was compared to a capacitor formed from 

5 commercially available tantalum and niobium metal. In particular, Table 2 sets forth the 
basic characteristics of the materials that were used to form the capacitor for this example. 
The C606 tantalum is a commercially available product from Cabot Corporation. The 
niobium oxide used in Example 3 was prepared in manner similar to Example 1. Table 3 
farther set forth the chemical compositions of components other than the niobium metal for 

10 the niobium oxide of the present invention and the niobium metal which was used for 
comparison purposes. Tables 4-7 set forth the data obtained for each formation voltage 
starting at 15 volts and ending at 75 volts. The data is also plotted in Figure 12. The 
particular capacitor anodes which were tested for DC leakage were formed using the stated 
formation voltage and in each case the sintering temperature was 1300° C for 10 minutes and 

1 5 the formation temperature of the anode was 60° C with the press density set forth in Table 2. 
Further, the anodes were formed in 0.1% H 3 P0 4 electrolyte, with a 135 milliamps/g constant 
current up to the desired formation voltage which was held for 3 hours. The test conditions 
were the same as for the DC leakage tested in Example 1 (except as noted herein) including 
10% H 3 P0 4 at 21° C. The anode size of the Nb suboxide was 0.17 inch diameter. The anode 

20 size of the tantalum was 0. 1 3 inch diameter and the anode size for the niobium was 0.1 9 inch 
diameter. The anode weight was as follows: niobium suboxide = 200 mg; tantalum = 200 
mg; niobium = 340 mg. 
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Table2 





Nb Sub-Oxide 


Nb 


Ta C606 (Commercial 
product) 


BET, m 2 /e 


0.75 


0.58 


Commercial spec 


Scott density, e/in 2 


20.7 


23.8 


Commercial spec 


Anode sintering 
densitv. g/cc 


3.0 


4.1 


5.3 


CV/g 


56.562 


22.898 


61.002 


Sintering conditions 


IOminfS). 1300° C J 


lOminO. 1300° C 


lOminOl 1300° C 


Formation 
temperature 


60° C 


60° C 


60° C 



Table 3 



Element 


Nb Oxide 


Nb 


C 


150 


422 


0 


141.400 


2399 


H 




55 


Si 


30 


250 


Ni 


10 


20 


Fe 


200 


100 


Cr 


40 


50 


Ti 


<5 


<5 


Mn 


L 25 


25 


Sn 


<5 


<5 


Ca 


<50 


<50 


Al 


50 


20 


W 


<100 


<100 


Zr 


<5 


<5 


Mg 


25 


10 


B 


<5 


10 


Co 


<5 


<5 


Cu 


<5 10 



5 As can be seen in Figure 12 and Tables 4-7, while the DC leakage for capacitor 

anodes made from niobium metal increased dramatically at a formation voltage of 75 volts, 
the DC leakage for the capacitor anode formed from a niobium oxide of the present 
invention remain relatively stable. This is quite impressive considering the effect seen with 
respect to a capacitor anode formed from niobium metal Thus, unlike niobium metal, the 
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niobium oxides of the present invention have the ability to be formed into capacitor anodes 
and formed at high voltages while maintaining acceptable DC leakage which was not 
possible with anodes made simply from niobium metal. Thus, the niobium oxides of the 
present invention can be possible substitutes for anodes made from tantalum in certain 
5 applications which is quite beneficial considering niobium can be less expensive. 



Table 4 





Nb Sub-Oxide 


Ta 


Ta 


Nb 


Anodization Voltage 


15.0 


15.0 


15.0 


15.0 












(CV) 


11.037 


13.095 


12.635 


7.893 


(CV/g) 


56.562 


63.154 


61.002 


22.898 


(CV/ti (Con) 










(CV/cc) 


168.304 


352.254 


324.448 


93.372 


fOhms") 


0.82 


0.92 


0.90 


0.89 












Charge time one (sec) 


30 


30 


30 


30 


(uA) 


72.86 


10.94 


12.74 


13.14 


*"FLIERS" 


0 . 


0 


0 


0 


"GASSERS" 


0 


0 


0 


0 


N= 


8 


8 


8 


2 


fuA/g) 


373.37 


52.75 


61.51 


38.12 


(nA/CV) 


6.60 


0.84 


1.01 


1.66 












Charge time two (sec - ) 


60 


60 


60 


60 


(uA) 


60.08 


7.39 


9.00 


9.42 


"FLIERS" 


0 


0 


0 


0 


"GASSERS" 


0 


0 


0 


0 


N= 


8 


8 


8 


2 


(uA/g) 


307.90 


35.63 


43.45 


27.31 


fnA/CV) 


5.44 


0.56 


0.71 


1.19 












Dia. ShkefW 


0.6 


0.6 


-1.2 


4.0 


Dsfg/ccl 


3.0 


5.6 


5.3 


4.1 
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Table 5 





Nb Sub-Oxide 


Ta 


Ta 


Nb 


Anodization Voltaee 


35.0 


35.0 


35.0 


35.0 












fCW 


10.445 


12.678 


12.130 


7,977 


fCV/el 


53.107 


60.470 


58.448 


23,457 


(CV/eUCorrt 










(CV/cc\ 


158.416 


341.045 


311.482 


93,700 


(Ohms) 


0.92 


1.04 


1.02 


0.95 












Charge time one (seel 


30 


30 


30 


30 


fuA^ 


54.13 


11.50 


29.60 


53.31 


♦"FLIERS" 


0 


1 


0 


0 


"GASSERS" 


0 


0 


0 


0 


N= 


8 


8 


8 


2 


fuAto 


275.23 


54.86 


142.64 


156.77 


fnA/CVl 


5.18 


0.91 


2.44 


6.68 












Charse time two fseel 


60 


60 


60 


60 


fuAl 


47.21 


7.56 


20.99 


31.17 


"FLIERS" 


0 


I 


0 


0 


"GASSERS" 


0 


0 


0 


0 


N= 


8 


8 


8 


2 


fuA/g) 


240.04 


36.08 


101.14 


91.66 


(nA/CV) 


4.52 


0.60 


1.73 


3.91 












Dia, Shkef 0 /^ 


0.6 


0.6 


-1.2 


3.8 


Dsfg/cc) 


3.0 


5.6 


5.3 


4.0 
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Table6 





Nb Sub-Oxide 


Ta 


Ta 


Nb 


Anodization Voltage 


55.0 


55.0 


55.0 


55.0 












(CV) 


9.476 


1 1 ,448 


10,878 


7.894 


fCV/g) 


47.159 


54.928 


52.394 


22.941 


(cv/e) (Com 










(CV/CC) 


134,774 


307,960 


279,339 


92,880 


(Ohms) 


1.35 


i.2l 


1 1 o 

1.18 


1.08 












Charge time one (sec> 


30 


30 


30 


30 


(uA) 


53,70 


13.48 


28.40 


61.61 


* FLIERS 


0 


0 


0 


0 


CjASScRS 


0 


0 


0 


0 


N= 


8 


8 


8 


2 


(uA/g) 


267.23 


64.65 


136.80 


179.05 


fn A IC\1\ 

\ n/vv/ v i 


J.O / 


1 1 Q 


Z.OJ 


7.80 












Charge time two (sec) 


60 


60 


60 


60 




46.28 


8.91 


20.24 


36.29 


"FLIERS" 


0 


0 


0 


0 


"GASSERS" 


0 


0 


0 


0 


N= 


8 


8 


8 


2 


(uA/s\ 


230.34 


42.77 


97.50 


105.45 


(nA/CV) 


4.88 


0.78 


1.86 


4.60 












Dia. Shkef 0 ^ 


0.3 


0.6 


-1.2 


3.8 


Ds(g/cc) 


2.9 


5.6 


5.3 


4.0 
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Table? 





Nb Sub-Oxide 


Ta 


Ta 


Nb 


Anodization Voltage 


75.0 


75.0 


75.0 


75.0 












(CV\ 


5.420 


10.133 


9.517 


7.872 


(CV/e) 


27.508 


48.484 


45.749 


22.886 


fCV/g)fCorr) 










fCV/cc) 


80,768 


274.194 


246.127 


93.954 


COhmsl 


4.58 


1.37 


1.31 


1.31 












Charee time one (sec) 


30 


30 


30 


30 


(uA) 


67.08 


16.76 


27.47 


640.50 


*"FLIERS" 


0 


0 


0 


0 


"GASSERS" 


0 


0 


0 


0 


N- 


8 


8 


8 


2 


(uAJeh 


340.40 


80.17 


132.04 


1862.19 


(nA/CV\ 


12.37 


1.65 


2.89 


81.37 












Charge time two (sec) 


60 


60 


60 


60 


(uA\ 


55.91 


10.97 


19.90 


412.20 


"FLIERS" 


0 


0 


0 


0 


"GASSERS" 


0 


0 


0 


0 


N= 


8 


8 


8 


2 


fuAM 


283.75 


52.48 


95.67 


1198.43 


fnA/CV) 


10.32 


1.08 


20.9 


52.37 












Dia. Shkpf%) 


0.1 


0.9 


-0.9 


4.3 


Dsfa/cc^ 


2.9 


5.7 


5.4 


4.14 
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Other embodiments of the present invention will be apparent to those skilled in the 
art from consideration of the specification and practice of the invention disclosed herein. It is 
intended that the specification and examples be considered as exemplary only, with a true 
scope and spirit of the invention being indicated by the following claims. 
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WHATIS CLAIMED IS: 

I . The method of forming an anode comprising the steps of pressing a mixture 
of niobium oxide powder with at least one binder or lubricant to form the pressed anode, 
wherein said niobium oxide has an atomic ratio of niobium to oxygen of 1 : less than 2.5. 

5 2. The method of claim 1 , wherein said niobium oxide is NbO, 

3. The method of claim 1, wherein said niobium oxide comprises NbO, NbOo.7, 
NbOi.i, or combinations thereof. 

4. The method of claim 1 , further comprising de-binding or de-lubing the binder 
or lubricant. 

1 0 5, The method of claim 4, wherein said de-binding or de-lubing is accomplished 

by thermally decomposing said binder or lubricant. 

6. The method of claim 4, wherein said de-binding or de-lubing is accomplished 
by repeated washings in at least one solvent capable of removing said binder or lubricant 

7. The method of claim 4, Anther comprising sintering the anode in a vacuum or 
1 5 under an inert atmosphere. 

8. The method of claim 1 , wherein said binder or lubricant comprises an organic 
binder or lubricant, 

> 

9. The method of claim 1, wherein said binder or lubricant comprises 
polypropylene carbonate), alkyd resin solution, polyethylene glycol, polyvinyl alcohol, 

20 stearic acid, or combinations thereof. 

10. A pressed anode comprising a niobium oxide powder and at least one binder 
or lubricant, wherein said niobium oxide powder has an atomic ratio of niobium to oxygen of 
1: less than 2.5. 

I I . The pressed anode of claim 1 0, wherein said niobium oxide is NbO. 
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12. The pressed anode of claim 1 0, wherein said niobium oxide comprises NbO, 
NbOo.7, NbOi.i, or combinations thereof. 

13. The pressed anode of claim 1 0, wherein said binder or lubricant is an organic 
binder or lubricant 

5 14. The pressed anode of claim 10, wherein said binder or lubricant comprises 

polypropylene carbonate), alkyd resin solution, polyethylene glycol, polyvinyl alcohol, 

stearic acid, or combinations thereof. 

15, The pressed anode of claim 10, wherein said anode has a low carbon residue 

after removal of the binder or lubricant and after sintering. 
10 16. A capacitor anode comprising a niobium oxide having an atomic ratio of 

niobium to oxygen of 1: less than 2.5 and being formed at a formation voltage of about 6 

volts or higher. 

17. The capacitor anode of claim 16, wherein said capacitor anode is formed at a 
formation voltage of from about 6 to about 1 30 volts. 
15 18. The capacitor anode of claim 1 6, wherein said capacitor anode is formed at a 

formation voltage of from about 75 volts to about 130 volts. 

19. The capacitor anode of claim 16, wherein said capacitor anode is formed at a 
formation voltage of from about 75 volts to about 100 volts. 

20. The capacitor anode of claim 16, wherein said DC leakage is less than 15 
20 nA/CV, wherein said DC leakage is determined at a sintering temperature of 1300° C for 10 

minutes and a formation temperature of 60° C. 

21 . The capacitor anode of claim 20, wherein said DC leakage is less than about 
12 nA/CV. 
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22. The capacitor anode of claim 18, wherein said DC leakage is less than 15 
nA/CV. 

23. A niobium oxide having an atomic ratio of niobium to oxygen of l:less than 
2.5, and having a nitrogen content of from about 3 1 ,000 ppm N2 to about 1 30,000 ppm N2. 

5 24. The niobium oxide of claim 23, wherein the atomic ratio is 1 :Iess than 2.0. 

25. The niobium oxide of claim 23, wherein the atomic ratio is 1 :Iess than 1 .5. 

26. The niobium oxide of claim 23, wherein the atomic ratio is 1:1.1. 

27. The niobium oxide of claim 23, wherein the atomic ratio is 1 :0.7. 

28. The niobium oxide of claim 23, wherein the atomic ratio is 1 :0.5. 

10 29. The niobium oxide of claim 23, wherein said niobium oxide has a porous 

structure. 

30. The niobium oxide of claim 23, wherein said niobium oxide has a porous 
structure having from about .1 to about 10 micrometer pores. 

3 1 . The niobium oxide of claim 23, wherein said niobium oxide comprises NbO, 
1 5 NbOoj, NbOu, or combinations thereof. 

32. The niobium oxide of claim 23, wherein said niobium oxide is formed into an 
electrolytic capacitor anode having a capacitance of up to about 300,000 CV/g, 

33. The niobium oxide of claim 23, wherein said nitrogen amount is from about 
3 1 ,000 ppm N2 to about 80,000 ppm N 2 . 

20 34. The niobium oxide of claim 23, wherein said nitrogen is present in the 

amount of from about 50,000 ppm to about 70,000 ppm N 2 . 

35. The niobium oxide of claim 23, wherein said niobium oxide is formed into an 
electrolytic capacitor anode, said anode having a capacitance of from about 1,000 to about 
300,000 CV/g. 
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36. The niobium oxide of claim 35, wherein said capacitance is from about 
60,000 to about 200,000 CV/g. 

37. The niobium oxide of claim 23, wherein said anode has a DC leakage of from 
about .5 to about 5 nA/CV. 

5 38. The niobium oxide of claim 23, wherein said niobium comprises nodular, 

flaked, angular, or combinations thereof. 

39. A capacitor comprising the niobium oxide of claim 23. 

40. A capacitor comprising the niobium oxide of claim 34. 

41. The niobium oxide of claim 35, wherein said niobium oxide is sintered at a 
1 0 temperature of from about 1 200°C to about 1 750°C. 

42. The niobium oxide of claim 41, wherein said niobium oxide is sintered at a 
temperature of from about 1 200°C to about 1 450°C. * • 

43. The capacitor of claim 39, having a capacitance of from about 1,000 CV/g to 
about 300,000 CV/g. 

1 5 44. The capacitor of claim 39, having a capacitance of from about 60,000 CV/g 

to about 200,000 CV/g. 

45. The capacitor of claim 43, having a DC leakage of from about .5 to about 5 
nA/CV. 

46. The capacitor of claim 44, having a DC leakage of from about .5 to about 5 
20 nA/CV. 

47. A capacitor anode comprising a niobium oxide having an atomic ratio of 
niobium to oxygen of 1 : less than 2.5 and being formed at a formation voltage of about 6 
volts or higher, and having a DC leakage of less than 15 nA/CV wherein said DC leakage 
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is determined from an anode sintering at 15O0°C for 10 minutes and formed at a formation 
voltage of 60° C. 

48. The capacitor anode of claim 47, wherein said DC leakage is less than about 
12nA/CV. 

5 49. The capacitor anode of claim 47, wherein said DC leakage is less than 6 

nA/CV. 

50. The capacitor anode of claim 47, wherein said DC leakage is less than 2 

nA/CV. 

5 1 . The capacitor anode of claim 47, wherein said niobium oxide is NbO. 

1 0 52. The capacitor anode of claim 47, wherein said niobium oxide is NbO, oxygen 

depleted NbO, niobium metal with NbO, or combinations thereof. 

53. A capacitor anode comprising a niobium oxide having an atomic ratio of 
niobium to oxygen of 1 : less than 2.5, and being formed at a formation voltage of about 6 
volts or higher, and having a capacitance of 40,000 CV/g or greater at a sintering temperature 

1 5 of from about 1 200 °C to about 1 600 °C for 1 0 minutes and at a formation temperature of 85 
°C. 

54. The capacitor anode of claim 53, wherein said capacitance is from about 
40,000 to about 60,000 CV/g. 

55. The capacitor anode of claim 53, wherein said niobium oxide is NbO. 

20 56. The capacitor anode of claim 53, wherein said niobium oxide is NbO, oxygen 

depleted NbO, niobium metal with NbO, or combinations thereof. 

57. A capacitor anode comprising a niobium oxide having an atomic ratio of 
niobium to oxygen of 1: less than 2.5, and being formed at a formation voltage of about 6 
volts or higher and having a capacitance of 20,000 CV/g or greater, wherein said capacitance 
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is determined at a sintering temperature of 1300 °C for 10 minutes and at a formation 
temperature of 85 °C. 

58. The capacitor anode of claim 57, wherein said capacitance is from about 
20,000 to about 60,000 CV/g. 
5 59. The capacitor anode of claim 57, wherein said formation voltage is from 

about 20 to about 80 volts. 

60. The capacitor anode of claim 57, wherein said niobium oxide is NbO. 

61. The capacitor anode of claim 57, wherein said niobium oxide is NbO, 
depleted NbO, niobium metal with NbO, or combinations thereof. 

10 62. A capacitor anode comprising a niobium oxide having an atomic ratio of 

niobium to oxygen of 1 : less than 2.5, wherein the powder forming the capacitor anode has a 
burning rate of less than 5 mm/s. 

63. The capacitor anode of claim 62, wherein said burning rate is 2 mm/s or 

lower. 

1 5 64. The capacitor anode of claim 62, wherein said burning rate is about 1 mm/s to 

about 5 mm/s. 

65. A capacitor anode comprising a niobium oxide having an atomic ratio of 
niobium to oxygen of 1: less than 2.5, and having a minimum ignition energy of 100 mJ or 
greater. 

20 66. The capacitor anode of claim 65, wherein said minimum ignition energy is 

500 mJ or greater. 

67. The capacitor anode of claim 65, wherein said minimum ignition energy is 
below 10J. 

68. The capacitor anode of claim 65, wherein said niobium oxide is NbO. 
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69. The capacitor anode of claim 65, wherein said niobium oxide is NbO, oxygen 
depleted NbO, niobium metal with NbO, or combinations thereof. 

70. A method of forming a capacitor anode comprising a niobium oxide having 
an atomic ratio of niobium to oxygen of 1: less than 2.5, comprising forming said niobium 

5 oxide into the shape of an anode and sintering at a temperature of from about 1200 °C to 
about 1 600 °C for a time of from about 1 minute to about 30 minutes; 

anodizing at from about 16 to about 75 volts at a formation temperature of 

about 85 °C; 

annealing said anode at a temperature of from about 300 to about 350 °C for a 
] 0 time of from about 1 0 minutes to about 60 minutes; and 

manganizing said anode at a temperature of from about 220 ° to 280°C. 

71. A method to at least partially reduce a niobium oxide, comprising heat 
treating a starting niobium oxide in the presence of a getter material in an atmosphere 
permitting the transfer of oxygen atoms from the starting niobium oxide to the getter materia! 

15 for a sufficient time and sufficient temperature such that the starting niobium oxide and said 
getter material form an oxygen reduced niobium oxide. 

72. The method of claim 71 , wherein said getter material is a niobium powder. 

73. The method of claim 71, wherein said oxygen reduced niobium oxide is 

NbO. 

20 74. The method of claim 71, wherein said oxygen reduced niobium oxide is 

NbO, oxygen depleted NbO, niobium metal with NbO, or combinations thereof. 

75. The method of claim 71, wherein said atmosphere is a hydrogen containing 
atmosphere. 

76. The method of claim 71 , wherein said atmosphere is hydrogen. 



WO 01/71738 



PCTAJS01/09314 



-36- 

77. The method of claim 71 , wherein said heat treating occurs at a temperature of 
from about 800 °C to about 1900 °C for a time of from about 5 minutes to about 100 
minutes. 
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